Following experts' consensus, waist circumference (WC) is the best anthropometric obesity index. However, different anatomic sites are used, and currently there is no universally accepted protocol for measurement of WC. In this study, we compare the associations between WC measured at different sites with total visceral adipose tissue (VAT) volume and cardiometabolic risk. Cross-sectional data were obtained from 294 adults and 234 children and adolescents. In addition, longitudinal data were provided in 75 overweight adults before and after dietary-induced weight loss. WC was measured below the lowest rib (WC rib ), above the iliac crest (WC iliac crest ), and midway between both sites (WC middle ). Volumes of VAT and abdominal subcutaneous adipose tissue (SAT) were obtained using MRI. Cardiometabolic risk included blood pressure, plasma lipids, glucose, and homeostasis model (HOMA index). WC differed according to measurement site as WC rib , WC middle , WC iliac crest (P , 0.001) in children and women, and WC rib , WC middle , WC iliac crest (P , 0.001) in men.
Introduction
Measurement of waist circumference (WC) 6 has been recommended in clinical guidelines (1) (2) (3) by leading health authorities and societies to assess obesity-associated cardiometabolic risk in clinical practice (4) , as well as in epidemiological studies (5, 6) . However, there is no consensus on the measurement protocol to use, which is due to a lack of data that provide a scientific rationale. In a recent systematic review of 120 studies, a panel of experts identified 8 different protocols for WC measurement (7) . As a primary effort to develop an internationally accepted standard for measurement of WC, these experts emphasized the need for the use of bony landmarks [fixed skeletal site(s)] to guide measurement and for the ease of measurement. Three protocols comply with these requirements: 1) the superior border of the iliac crest as recommended by the NIH guidelines (8) and applied in NHANES III; 2) just below the lowest rib; and 3) midway between lowest rib and iliac crest as described in the WHO and International Diabetes Federation guidelines (1, 3, 10) . Studies comparing different protocols have shown a profound influence of the measurement site on absolute WC values (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . These discrepancies are sizable and especially important for applying cutoffs in clinical decision-making. It is therefore questionable if the existing protocols can be used interchangeably for identification of obesity-associated health risk.
Reviewing the available data, Ross et al. (7) did not find a substantial influence of WC measurement protocol on the relationship between WC and morbidity or mortality. However, a quantitative meta-analysis could not be performed because of heterogeneity among studies and also small sample sizes for some outcomes.
It is generally assumed that WC is an indirect measure of visceral fat mass (which is again associated with cardiometabolic risk). Thus, comparing WC measured at different sites should be based on its association with visceral fat mass. To the best of our knowledge, no study has addressed associations among multiple WC measurement sites, visceral fat mass, and cardiometabolic risk. The present study sets out to provide a biological rationale of an optimal WC measurement protocol. WC was measured above the iliac crest (WC iliac crest ), below the lowest rib (WC rib ), and midway between both sites (WC middle ) in a sample of 540 participants aged between 6 and 78 y. Across age and sex groups, we investigated which WC is most closely associated with total visceral adipose tissue (VAT) volume and cardiometabolic risk factors. In a subgroup of 75 overweight and obese adults, we analyzed which WC best identifies weight lossinduced loss in VAT.
Participants and Methods
Subject eligibility and recruitment. ) aged 27-47 y were selected for participation. All participants had a normal physical examination and ECG recording, no history of cardiovascular or metabolic disease, and a normal thyroid function.
Both study protocols (cross-sectional and intervention) were approved by the medical ethics committee of the Christian-AlbrechtsUniversity Kiel. All participants provided their fully informed and written consent before participation. In addition, parents assented for underage children.
Measurement of WC.
The bony landmarks of the lowest rib and the iliac crest were located and palpated by the examiner at the level of the midaxillary line. The measurement tape was placed in a horizontal plane around the abdomen at the level just above the uppermost lateral border of the iliac crest (superior border of the iliac crest, WC iliac crest ), just below the lowest rib (i.e. distal border of the lowest rib, WC rib ), and midway between both sites (measured distance, WC middle ). Special attention was paid to ensure the tape was parallel to the floor. The measurement was made at the end of normal expiration with the nonelastic plastic tape adjacent to but not compressing the skin and the participant standing well erect. For each anthropometrical point considered, 1 measurement was obtained. All measurements were performed by 4 well-educated and trained nutritionists who regularly compared their results in training to minimize within and betweenobserver variation. In a subset of 16 lean and obese participants, intraand inter-observer CV for 3 nonconsecutive measurements and 4 observers were: WC rib , 0.59 and 1.29%; WC iliac crest , 1.43 and 2.64%; and WC middle , 1.19 and 2.52%. The technical error of measurements, which is the square root of measurement error variance (22) , was also used for the calculation of the intra-and inter-evaluator variation: WC rib , 1.2 and 2.4 cm; WC iliac crest , 2.2 and 5.5 cm; and WC middle , 2.0 and 5.1 cm.
Cutoffs for the definition of abdominal obesity were WC . 88 cm in women and .102 cm in men according to the National Cholesterol Education Program Adult Treatment Panel III and WHO (2, 3) and .80 cm in women and .94 cm in men according to the International Diabetes Federation (1).
Quantification of visceral and abdominal subcutaneous adipose tissue by MRI. Measurements of visceral and abdominal subcutaneous adipose tissue (SAT) volumes were performed in a supine position with their arms extended above their heads using a Magnetom Avanto 1.5-T scanner (Siemens Medical Systems). The entire abdomen from the diaphragm (top of the liver or the base of the lungs, T10) to the femur heads was scanned using continuous axial images with an 8-mm slice thickness and 2-mm interslice gaps. Images were obtained using a T1 weighted gradient-echo sequence (TR 157 ms, TE 4 ms, flip angle 708, voxel size 3.9 3 2 3 8 mm 3 ), during which the participants were required to hold their breath. All images were segmented manually using Slice-O-Matic, Tomovision 4.3 Software. The software employed knowledge-based image processing to label pixels as fat and nonfat components using a threshold for adipose tissue on the basis of the graylevel histograms of the images. Each slice was manually reviewed and voxels arising from fatty bowel content were deleted. Total VAT and abdominal SAT were determined from the sum of all adipose tissue areas (cm 2 ) multiplied by the slice thickness. CV for repeated measurements of VAT and SAT were 1.5 and 0.9%, respectively.
Risk factor measurements. Body weight was measured to the nearest 0.1 kg on an electronic Tanita scale. Height was measured on a stadiometer (seca, Vogel & Halke) to the nearest 0.5 cm. Blood pressure measurements were obtained while the participant was in a seated position, using a standard manual sphygmomanometer. Blood samples were taken after an 8-h overnight fast and analyzed following standard procedures. Briefly, plasma glucose was assayed using a hexokinase enzymatic method (Konelab kit, Thermo Clinical Labsystems). Weight loss intervention. During 12.7 6 2.3 wk of weight loss intervention, participants received a low-energy, nutritionally balanced diet (BCM-Diä t, PreCon) containing 3350-4200 kJ/d, as described elsewhere (24, 25) . All participants obtained weekly individual counseling in the principles of the hypocaloric diet by a registered dietitian. Three-day food records were obtained if necessary for dietary counseling (i.e. unsuccessful or slow weight loss) and compliance was also monitored by weekly measurement of losses in weight and fat mass by Air-Displacement Plethysmography (BOD-POD, Life Measurement).
Statistical analysis. Group data are given as mean 6 SD or median and interquartile range in case of nonnormal distribution. For categorical analysis, we grouped BMI as follows: 18.5 to ,25 (normal weight), 25 to ,30 (overweight), and $30 (obese) kg/m 2 . In children and adolescents, overweight and obesity were determined using corresponding actual German BMI percentiles (.90th and .97th percentile, respectively) (26) . Because of significant sex differences in visceral and SAT, WC data for males and females were analyzed separately. Unpaired Student's t tests were used to examine sex differences in normally distributed variables and Mann-Whitney U test in nonnormally distributed variables. Comparisons among 3 WC were performed by repeated-measures ANOVA using a Tukey-Kramer multiple comparison post hoc test (calculation with NCSS, 2007) . Differences between pre-and postweight loss measures of variables were determined using a paired Student's t test. Triglycerides (TG) and HOMA-IR, volumes of VAT and SAT, were normalized by logarithmic transformation. Because the relations between WC and cardiometabolic risk or WC and VAT are influenced by
Where to measure waist circumference 955 age (27) , partial correlations adjusted for age were used to quantify the association between WC and cardiometabolic risk factors, VAT, or SAT. The strength of correlation coefficients r(31,y) and r(32,y) was compared using the method of Meng et al. (28) , which considers intercorrelation (r (31, 32) ) between both correlations tested. Analyses were conducted using SPSS statistical software (SPSS 13.0). Levels of significance were set at P , 0.05.
Results
Participant characteristics are presented in Table 1 . In prepubertal children, there were no sex differences in age, BMI, WC, VAT, SAT, and cardiometabolic risk except for a slightly lower diastolic blood pressure in girls (P , 0.05). Pubertal girls had lower height, weight, and systolic blood pressure and a higher HDL cholesterol (HDL-C) concentration than pubertal boys, but BMI and abdominal adipose tissue volumes did not differ between sexes. Compared with adults, children and adolescents had very low VAT in relation to SAT. Women were younger and had more SAT, less VAT, and lower cardiometabolic risk factors compared with men. WC rib was lower in pubertal girls and women (P , 0.001), but there were no sex differences for the other WC.
Comparing mean WC values at 3 sites showed that in men, WC rib was smaller than the other 2 sites (22.5 6 2.8 cm for WC middle and 22.6 6 3.8 cm for WC iliac crest ; P , 0.001). In women and in prepubertal and pubertal boys and girls, each site for WC differed from the other, with WC rib , WC middle , WC iliac crest (P , 0.001). The greatest differences were observed in women, with 26.9 6 5.5 cm for WC rib 2 WC middle , 212.2 6 7.5 cm for WC rib 2 WC iliac crest , and 5.3 6 6.8 cm for WC iliac crest 2 WC middle . Figure 1A illustrates the differences in WC measured at different sites across groups of normal weight, overweight, and obese women. With increasing BMI, the shape of the trunk remained constant in women, with the lowest WC just below the lowest rib and the highest WC just above the iliac crest. In men, the shape of the trunk depended on BMI (Fig. 1B) , with the highest WC midway between the lowest rib and the iliac crest in obese men.
Influence of measurement site for WC on its correlation with VAT and cardiometabolic risk. All relationships between WC measured at different sites and VAT in adults were nonlinear and the slopes were higher in men when compared with women (Fig. 2) . The lowest sex difference between the slopes was observed for WC rib and the highest for WC iliac crest . In prepubertal and pubertal children and men, all 3 WC had a similar correlation with VAT ( Table 2) , and cardiometabolic risk factors (data not shown). There were no differences in the r-values except for prebubertal boys, where the relationships between WC iliac crest and VAT (r = 0.65) or WC iliac crest and HOMA index (r = 0.13) were lower (P , 0.05) compared with r-values of the other WC (WC middle vs. VAT, r = 0.74 and WC middle vs. HOMA index, r = 0.35; WC rib vs. VAT, r = 0.76 and WC rib vs. HOMA index r = 0.33). By contrast, in women, the WC rib had the highest r-value with VAT compared with r-values of WC middle (P , 0.05) and WC iliac crest (P , 0.001). In this group, WC rib and WC middle had similar associations with cardiometabolic risk, but the magnitude of correlations between WC iliac crest and diastolic blood pressure, HOMA index, plasma TG, and HDL-C was lower (all P , 0.05).
The influence of measurement site on its association with VAT and SAT was also investigated in subgroups of normal weight, overweight, and obese adults ( Table 3) . Generally, all WC were closer or more similarly related to SAT than VAT across BMI groups and in both sexes (with the exception of WC rib in normal weight men). Compared with WC ileac crest , WC rib had a tendency toward the lowest correlation with SAT in normal weight (P = 0.09), overweight (P = 0.10), and obese women (P = 0.07). Furthermore, in obese women, the WC rib was more closely related with VAT than the other 2 WC (P , 0.05). All WC were equal correlates of VAT in the other groups.
Influence of measurement site for WC on the prediction of cardiometabolic risk. The differences in absolute WC measures have a substantial influence on the prevalence of elevated morbidity defined by using the same WC cutoffs ( Table 4) . In women, the prevalence of elevated values was 20% higher using WC iliac crest compared with WC rib . Considering the lower absolute differences between WC measures in men, these discrepancies were only 6-10% using 102 or 92 cm as a cutoff.
Influence of measurement site for WC on its correlation with decreases in VAT and SAT. Table 5 presents the characteristics of before and after the weight loss program. In men and women, the intervention reduced (P , 0.001) body weight by 12 and 8%, BMI by 12 and 9%, WC rib by 10 and 6%, WC middle by 12 and 7%, WC iliac crest by 9 and 5%, VAT by 34 and 16%, and SAT by 27 and 19%, respectively. Correlations between WC measured at different sites and volumes of VAT and SAT showed similar patterns before and after intervention ( Table 6 ). These data are in line with our cross-sectional results ( Table 2 ). Because of the smaller sample size in men, some relationships did not reach significance.
However, the relationships between decreases in WC and decreases in VAT volume were moderate and only significant for WC rib in women (r = 0.35; P , 0.05) and WC middle in men (r = 0.57; P , 0.05). Both WC also had a similar relationship with the decrease in SAT (Table 6 ).
Discussion
The main finding of this study was that WC had a stronger correlation with SAT than with VAT. This was independent of the site of measurement. These data suggest that WC is a better index of abdominal subcutaneous rather than visceral fat. Minor differences were observed between WC measurement sites; WC rib seemed to be a better index for VAT in overweight and obese women than WC iliac crest , whereas in men and underage children, all WC protocols yielded similar results. More importantly, absolute values also differed among all measurement sites in all age groups and both genders. These data add to clinical practice (e.g. risk assessment in the context of the metabolic syndrome). It is evident that there is a need for a standardized protocol. Our data also have an impact on recent epidemiological studies on obesity-related risks. The recent longitudinal data of the EPIC study showed that WC is a better index of mortality Where to measure waist circumference 957 risk than BMI (5) . In this study, WC was measured either at the narrowest circumference of the torso or midpoint between the lowest rib and the iliac crest. In addition, measurements were performed with clothing. The results of this study may be weakened, because pooling data on WC obtained by different protocols without correcting for differences in absolute measures will likely lead to erroneous results (Table 1 ; Fig. 1) . Likewise, the use of a nonstandard protocol (WC measured at the narrowest point between the costal margin and iliac crest) may also have added to the low value of WC in the INTERHEART Study (29) . These authors proposed that the waist:hip ratio, not WC, is the best adiposity risk marker for acute myocardial infarction (6) .
WC reflects abdominal fat tissue and cannot differentiate between visceral and subcutaneous fat depots. However, regarding risk assessment, WC should be an index of visceral obesity. This is supported by the finding that VAT but not SAT was a significant predictor of diabetes in men and women of the Diabetes Prevention Program (30) . Comparing different WC, WC rib was most specific for VAT in women (i.e. WC rib had the lowest relationship with SAT) (Tables 2 and 3 ). In contrast, the WC iliac crest had a lower association with VAT (Table 2 , especially in obese women; Table 3 ) but had the highest relationships with SAT. This is consistent with significantly lower associations between WC iliac crest and cardiometabolic risk factors in women (Table 2 ). This might be explained by the finding that VAT in the upper abdomen correlates more closely to total VAT volume and health risk factors than VAT at the iliac crest level (31, 32) . Thus, WC rib or WC middle in women appear to be better correlated with cardiometabolic risk than WC iliac crest . In addition, only WC rib predicted weight loss-associated decreases in VAT in women (Table 6 ). In men, all WC measures yielded similar results.
Another drawback of WC iliac crest was its lower precision (see Methods). This was confirmed by Wang et al. (15) and was especially true in females, because the waist shape superior to the iliac crest decreases more than the waist shape in other regions of the trunk, making it difficult to stabilize the tape on a sharply curved skin surface (15) . In accordance with Wang et al. (15) , WC rib had the highest reproducibility, maybe because it is the most easily located. WC middle is more cumbersome to obtain, because it requires the identification of 2 bony landmarks, a measured distance between the 2, and the calculation of the midpoint. Because the measurement error limits the minimal detectable change of a parameter, weight loss-induced improvements of WC may be better detected just below the lowest rib.
In prepubertal and pubertal children, none of the WC measures was consistently better than the other. However, the prevalence of overweight and obesity was low in these groups (Table 1 ) and significant differences in absolute values between WC measurement sites were already seen in prebubertal and pubertal boys and girls (see Results). These led to a discordant prevalence when defining abdominal obesity as previously reported by our group (19) . Although we found reasonable correlations between all WC and VAT in prepubertal and pubertal children, absolute amounts of VAT and the VAT:SAT ratio was very low (Table 1) . This is in agreement with WC being a better index for abdominal subcutaneous than for visceral adiposity in underage individuals ( Table 2) .
Because of the absolute difference in WC measure, especially in women, the percentage of patients above or below the recommended threshold values differs considerably among WC measurement protocols and leads to under-or overestimation of obesity-related health risk, depending on the WC protocol used ( Table 4) . As long as there are no reference values generated specifically for the WC protocol below the lowest rib, this protocol cannot be used for clinical identification of abdominally obese individuals at increased health risk. A simple conversion of different measures by adding or subtracting a constant amount would be inappropriate, because the absolute difference between WC measures depends on weight status (Fig.  1 ) and probably also on age (27) .
In addition, the current cutoffs for WC have to be revised, because they are based on cutoffs for BMI (33) . Future WC cutoffs should be based on VAT, because BMI is only an imprecise measure of central obesity, especially in the normal weight and overweight range. This was shown previously; in postmenopausal women at a normal BMI (19.5-24.9 kg/m 2 ), 30% already had an elevated WC . 80 to , 88 cm and 10% even had a WC . 88 cm (34) . Likewise, in overweight women (25-29.9 kg/m 2 ), 9% had a normal WC , 80 cm, whereas 57% already had a WC . 88 cm and only 33% were classified as having an elevated WC . 80 to , 88 cm. Notably, at both cutoff levels (80 or 94cm and 88 or 102cm), men had~3.8 times more VAT than women (Fig. 2) . This observation may partly account for the higher morbidity and mortality associated with the same BMI in men than in women.
Knowledge about the relationship between WC and VAT is a precondition for understanding the relationship between WC and morbidity or mortality. Some studies have shown a similar predictive value of a large WC and a high BMI (35) (36) (37) . If WC is a more accurate index for visceral obesity than BMI, these results are at odds with our understanding that measures of fat distribution are superior at predicting risk of death (38) . However, considering the high colinearity among obesity indices like BMI and WC, WC measured at the wrong site may be only marginally better than BMI at estimating visceral fat (39) . In line with this speculation, the correlation between BMI and VAT was r = 0.62 in women and r = 0.64 in men (both P , 0.001) is only slightly different from the associations observed between WC iliac crest and VAT (r = 0.62 and 0.71) ( Table 2 ). Previous studies have also shown similar correlations between WC and VAT and between BMI and VAT in women (40, 41) . Moreover, all WC (especially WC middle or WC iliac crest ) were more strongly correlated with abdominal SAT compared with VAT (Table 2  and 3) . Hence, we conclude that WC regardless of the measurement site is predominantly an index of abdominal subcutaneous, not visceral, fat.
Compared with Caucasians of the same WC or BMI, African Americans have a lower VAT and Asians have a higher VAT (30, (42) (43) (44) (45) (46) (47) . Because ethnic differences in body fat distribution may therefore alter the associations between WC sites and VAT, our results apply to Caucasians only.
In conclusion, WC is predominantly an index of abdominal SAT. The measurement site of WC plays a minor role when looking for the best index for visceral fat volume. However, WC rib seemed to be a better index for visceral fat volume and cardiometabolic risk than WC iliac crest . This measure can be applied in both sexes. However, specific cutoffs for WC rib need to be established before it can be used in clinical decisionmaking.
